Introduction
P osttraumatic stress disorder (PTSD) is characterized by exposure to markedly distressing traumatic event(s), re-experiencing symptoms, emotional numbing, and increased arousal. Biological alterations include adrenergic hyperresponsiveness (Southwick et al 1999) , increased thyroid activity (Wang et al 1995) , low cortisol levels, and increased negative feedback sensitivity of the hypothalamic-pituitary-adrenal (HPA) axis following lowdose dexamethasone administration (Yehuda et al 1993) . In addition, magnetic resonance imaging (MRI) studies reported decreased volumes of the hippocampus in both Vietnam combat veterans (Bremner et al 1995; Gurvits et al 1996) and noncombat trauma victims (Bremner et al 1997; Stein et al 1997) with PTSD; however, laterality was inconsistent across these MRI studies, with volume decreases being reported in the right, the left, and both hippocampi. Because alcohol dependence and abuse are common in subjects with PTSD and are also associated with hippocampal atrophy (Laakso et al 2000) , the possibility that hippocampal volume loss in PTSD might be at least in part alcohol related cannot be ruled out. This possibility is also supported by another MRI study (Wilkins et al 1996) that found no difference in hippocampal volumes between alcohol abusing PTSD patients and alcohol abusers without PTSD. Therefore, the first goal of this study was to determine the relationship between PTSD and hippocampal volume in the absence of alcohol abuse.
Proton Magnetic Resonance Spectroscopic Imaging ( 1 H MRSI) is a technique based on physical principles similar to MRI that measures the regional distribution of certain chemicals in the brain in vivo. As performed here, 1 H MRSI detects the amino acid N-acetyl asparate (NAA), which occurs in high concentrations in neurons and is virtually undetectable in other tissue types (Birken and Oldendorf 1989) , therefore reflecting neuronal density or metabolism. In addition to NAA, 1 H MRSI detects creatine (Cr, which reflects high-energy phosphate metabolism) and the choline moieties (Cho, which presumably reflect integrity of cell membranes). In a preliminary 1 H MRSI study , we found decreased hippocampal NAA in a small number of veterans with PTSD, many of whom had been recently abusing alcohol, compared with healthy controls without a history of alcohol abuse. Another 1 H MRSI study reported NAA reductions in medial temporal lobe structures of veteran PTSD subjects (Freeman et al 1998) . Therefore, the second goal of this study was to determine if 1 H MRSI measurements could detect NAA changes in the hippocampus of PTSD, separate from volume changes.
This study was designed to test the following hypotheses: 1) PTSD without recent history (past 5 years) of alcohol dependence is associated with reductions in hippocampal volume and NAA, and 2) NAA loss in the hippocampus of PTSD is disproportionately greater than volume loss. In addition, we explored whether PTSD is also associated with volume loss in the entorhinal cortex (ERC), which has strong neuronal connections to the hippocampus.
Methods and Materials

Subject Recruitment and Clinical Assessment
Subjects were recruited from the outpatient clinics of the San Francisco Veterans Affairs Medical Center and from the community by advertisement. After a complete description of the study procedures, all subjects provided written informed consent that had been approved by the committee of human research at the University of California, San Francisco. There were 18 male PTSD patients (mean age 51.2 Ϯ 2.5 years) and 19 male control subjects (mean age 51.8 Ϯ 3.2 years) in this study. The Structured Clinical Interview for DSM-IV Diagnosis (SCID) (Spitzer et al 1992) was used to rule out neurologic and psychiatric disorders other than PTSD. Initially, an attempt was made to identify PTSD subjects without a lifetime history of alcohol abuse or dependence, but few such subjects could be identified. Therefore, entry criteria were modified to exclude subjects with alcohol abuse or dependence during the previous 5 years. The number of lifetime cumulative alcohol drinks were obtained from all but two subjects. Also excluded where subjects with abuse of illicit drugs during the previous 5 years, major depression in the past 3 months, or with a history of loss of consciousness after head trauma. Four patients and four control subjects had a history of drug abuse and ten patients and three control subjects had some depression during lifetime. Posttraumatic stress disorder patients with a history of using antipsychotic medications within the past 6 months before this study were excluded. Six patients used antidepressant medications and two patients used mood-stabilizing agents. Control subjects were free of all psychiatric medication. The Clinician Administered PTSD Scale (CAPS) (Blake et al 1995) was used to diagnose PTSD, as well as to assess current severity. Subjects with PTSD had a mean current CAPS score of 63.1 Ϯ 11.5 and controls had a mean CAPS score of 4.6 Ϯ 4.0.
MRI and 1 H MRSI Acquisition
The subjects were scanned on a 1.5T VISION TM magnetic resonance (MR) system (Siemens Inc., Iselin, NJ), equipped with a standard head coil. Structural MRI data were acquired using a double spin echo sequence (DSE) with TR/TE 1 /TE 2 ϭ 2500/ 20/80 msec timing, 1.0 ϫ 1.4 mm 2 inplane resolution, and about 50 contiguous 3 mm thick axial slices, oriented along the optic nerve as seen from a midsection scout MRI. In addition, a volumetric magnetization-prepared rapid gradient echo (MPRAGE) sequence was acquired with TR/TE/TI ϭ 10/4/300 msec timing, 15 degree flip angle, 1.0 ϫ 1.0 mm 2 inplane resolution, and 1.4 mm thick coronal partitions, oriented orthogonal to the DSE image plane. A Point Resolved Spectroscopy (PRESS) 1 H MRSI (Bottomley 1987) sequence was used to acquire water suppressed 1 H MR spectra simultaneously from both hippocampi with TR/TE ϭ 1800/135 msec timing. K-space sampling was accomplished with 24 ϫ 24 circularly bounded encoding steps across 210 ϫ 210 mm 2 field of view and a 15 mm thick slice was selected, aligned along the long axis of the hippocampus, yielding about 1.1 milliliter sized MRSI voxels.
Volume Measurements of Hippocampus and ERC
Volumes of the left and right hippocampus and ERC were measured by manually drawing the boundaries of these structures on the coronal T1-weighted MP-RAGE images. Boundaries of the hippocampus were drawn following the guidelines of Watson et al (1992) , including hippocampal proper, dentate gyrus, subiculum, fimbria, and alveus. Boundaries of the ERC were drawn according to the protocol developed by Insausti et al (1998) . The raters were blinded to all clinical information. Variability of volume measurements was 1.8% for the hippocampus and 3% for ERC. To account for variations in head size, hippocampal and ERC volumes were normalized to the total intracranial volume, which was determined based on MRI segmentation data. Segmentation of MRI data into gray matter, white matter, and cerebrospinal fluid (CSF) was achieved automatically with software developed in-house . The masks from manual tracing of the left and right hippocampus were also incorporated into the segmentation data as separate tissue classes.
H MRSI Spectral Processing
The 1 H MRSI data were zero-padded to 1024 points in the spectral domain and to 32 ϫ 32 points in the spatial domain before Fourier reconstruction. Four Hz Gaussian line broadening was used in the spectral direction, and mild Gaussian apodization was applied along the spatial directions to reduce Gibbs ringing effects, resulting in an effective voxel size of approximately 1.6 mL. Peak areas of NAA and creatine-(Cr) and choline-(Cho) containing compounds were estimated using fully automated spectral fitting software developed in-house (Soher et al 1998) . Quality control was accomplished by rejecting peaks with a linewidth at half peak height of more than 10 Hz or with residual sum squares of the fits outside the .05 and .95 percentile distribution. To obtain metabolite concentrations, the amounts of gray matter, white matter, CSF, and left and right hippocampal tissue in each MRSI voxel were estimated using information from the segmented MRI data. This was accomplished first by aligning the segmented MRI with the MRSI data, assuming that there was no head movement between MRI and MRSI scans, and second by blurring the segmented MRI data to the spatial resolution of MRSI, as described in detail by Schuff et al (2001) . In addition, MRSI voxels that best covered the right or left hippocampus in each subject was selected, based on the estimated amount of hippocampal tissue in the voxel. Finally, the metabolite values were corrected for the amount of CSF in the MRSI voxels to obtain concentrations (in arbitrary units) and also normalized to the median ventricular CSF intensity from each subject, as measured with proton density MRI to compensate for instrumental variations.
Statistical Analysis
Effects of group and hemisphere on volume changes in the left and right hippocampus or ERC were tested using multivariate analysis of variance (MANOVA). Similarly, effects of group and hemisphere on metabolite changes in the left and right hippocampus were tested using MANOVA. Relationships of PTSD severity (measured by CAPS) with volume or metabolite changes were tested using Pearson correlation coefficients.
Results
In Figure 1 is shown a representative NAA metabolite image from the hippocampal region of a 49-year-old man with PTSD and 1 H MR spectra from two locations in the hippocampus. Results from automatic spectral fitting are superimposed (solid line) onto the raw spectral data (dashed line). Also shown is the corresponding MR image for better anatomical orientation. Table 1 lists the volumes of the left and right hippocampus and the left and right ERC in PTSD and control subjects. There were no significant differences between PTSD and control subjects in volumes of the hippocampus [right: Table 2 lists the concentrations of NAA, Cr, and Cho in the hippocampal region of PTSD and control subjects. N-acetyl asparate concentrations were significantly lower by about 23% in both, the left [F(1,34) ϭ 7.0, p ϭ .002] and right [F(1,34) ϭ 8.4, p ϭ .007] hippocampus of PTSD when compared with controls. There were no significant effects for antidepressant or mood stabilizing medications on NAA concentrations within PTSD subjects (p Ͼ .2 by t test). Similarly, history of drug abuse had no significant effect on NAA differences between PTSD and control subjects (p Ͼ .4, by t test). Lifetime alcohol abuse, as measured by the number of lifetime cumulative alcoholic drinks was significantly higher in PTSD patients (34.5*10 3 Ϯ 45.8*10 3 drinks) than in control subjects (15,1*10 3 Ϯ 19,7*10 3 drinks, p Ͻ .001 by Wilcoxon rank test); however, lifetime alcohol abuse did not contribute significantly to the NAA differences between patients and controls (p Ͼ .2 by MANCOVA) and NAA reduction in PTSD remained significant after accounting for variations in alcohol use. Cr concentrations were also significantly lower in PTSD when compared with controls by 26% in the right hippocampus [F(1,34) ϭ 12.4, p Ͻ .002] and 11% lower in the left hippocampus [F(1,34) ϭ 1.5, p Ͼ .1], which, however, was not significant. There were also no significant effects of medications on Cr in PTSD (p Ͼ .8) and history of drug abuse (p Ͼ .2) on low Cr in PTSD. Furthermore, lifetime alcohol abuse did not contribute significantly to Cr differences between patients and controls (p Ͼ .4 by MANCOVA). In contrast to NAA and Cr, Cho concentrations were not significantly different between the groups [both sides:
Also listed in Table 2 is the fraction of hippocampal Figure 1 . Representative oblique axial image of N-acetyl asparte (NAA) from the hippocampal region of a 49-year-old posttraumatic stress disorder (PTSD) patient. Also shown is the corresponding magnetic resonance (MR) image for better anatomical orientation. On the right are depicted representative proton magnetic resonance ( 1 H MR) spectra from two locations in the hippocampus. The dashed lines represent the raw spectral data, the solid lines are the spectral estimations using the automated fitting software (Soher et al 1998) . tissue within MRSI voxels from the hippocampal region. This shows that these voxels contained on average 40% tissue from the hippocampus without a significant difference between PTSD and control subjects (p Ͻ .8, twosided t test).
Finally, there were no significant correlations between PTSD severity measured by CAPS total scores and volumes of the hippocampus and ERC. Similarly, there were no significant correlations between PTSD severity and hippocampal NAA or Cr concentrations.
Discussion
The major findings of this report are 1) NAA and Cr concentrations were significantly reduced in the hippocampus of PTSD patients when compared with control subjects, implying that there are hippocampal abnormalities in PTSD; 2) however, there were no significant differences in hippocampal or ERC volumes between PTSD patients without recent history of alcohol abuse and control subjects. This contrasts to previous reports of hippocampal atrophy in PTSD, suggesting that alcohol abuse may have been at least in part responsible for these previous findings.
Changes in NAA have been widely attributed to changes in neuron number, density, or neuronal metabolism (Birken and Oldendorf 1989) . The finding of 23% to 24% reduction of hippocampal NAA in PTSD subjects of this study, in the absence of hippocampal volume loss, were surprising for two reasons. First, the magnitude of the NAA reduction is very similar to that, which we previously reported for patients with Alzheimer's dementia . Notwithstanding this similarity of NAA reductions, our PTSD patients showed no gross cognitive memory impairments. Second, hippocampal NAA reductions in Alzheimer's disease were accompanied by substantial hippocampal volume losses in the range from 20% to 40% . Reduced NAA of the anterior cingulate and no apparent atrophy on MRI was also reported from a 1 H MRS study of children with PTSD after sexual abuse (De Bellis et al 2000) . It is possible that neuron loss in PTSD is accompanied by sufficient glial proliferation that attenuates atrophy but does not affect NAA loss because there is no NAA in nonneuronal tissue (Birken and Oldendorf 1989) . Single photon emission computer tomography (SPECT) studies of PTSD (Sachinvala et al 2000) showed increased blood perfusion in limbic areas, including the hippocampus, consistent with glial proliferation. We have observed reduced NAA with minimal hippocampal atrophy also in elderly patients with mild cognitive impairment, presumably due to gliosis in the early stages of neuronal degeneration . Another explanation for NAA decrease in PTSD is impairment of neuronal processes, resulting in secondary NAA loss. Reversible NAA losses have been found in amyotrophic lateral sclerosis (Kalra et al 1998) , epilepsy after surgery (Hugg et al 1996) , in multiple sclerosis (De Stefano et al 1995) , and more recently in schizophrenic patients after treatment with antipsychotics (Bertolino et al 2001; Heimberg et al 1998) . These changes have been attributed to reversible impairment of oxidative metabolism from which NAA production is dependent. Therefore, we cautiously interpret the finding of decreased hippocampal NAA in PTSD to reflect either neuron loss in the presence of gliosis and/or neuronal metabolic impairments. In this regard, NAA changes would be expected to be more sensitive to neuronal damage in PTSD than volume loss. The effect size in this study of hippocampal NAA changes was 1.2 (see Table 2 ), which is markedly higher than the effect sizes in most (albeit not all) MRI studies of hippocampal volume losses in PTSD (see Table 3 ).
The resonance of Cr, detected by 1 H MRSI, reflects tissue composition of phosphocreatine (high energy phosphate reservoir) and free creatine. Acute ischemia, or other factors, which impair oxidative metabolism will reduce the ratio of phosphocreatine to creatine, but should not necessarily alter total creatine content. Creatine concentrations are usually higher in gray matter than in white matter (Schuff et al 2001) , presumably due to the higher metabolic rate of gray matter. Replacement of neurons in the hippocampus of PTSD by glial cells might explain the decrease of Cr in PTSD.
In contrast to substantial changes of NAA and Cr, we found no Cho changes in PTSD. The resonance of Cho, detected by 1 H MRSI, reflects primarily phosphocholine and glycerophosphocholine, which are both constituents of cell membranes. Cho increases have been reported in multiple sclerosis lesions (Bitsch et al 1999) and in tumor cells (Wilken et al 2000) , presumably indicating membrane degradation and glial proliferation. On the other hand, an increase of Cho might not be expected in chronic illnesses like PTSD, unless there is continuing gliosis of sufficient magnitude following neuronal damage.
The second major finding of this study was no significant atrophy in the hippocampus and ERC of PTSD. Previous MRI findings of hippocampal atrophy in PTSD are summarized in Table 3 . Bremner et al (1995) found an 8% decrease of hippocampal volume in 26 Vietnam veterans with PTSD compared with 22 control subjects (matched for years of lifetime alcohol abuse and other factors). Furthermore, the decrease of hippocampal volume in PTSD was associated with deficits in short term verbal memory; however, only a midsection of the hippocampus was measured and volumes were not adjusted for head size that together, may have resulted in spurious findings. In another study of Vietnam veterans with PTSD, Gurvits et al (1996) compared the hippocampal volumes of seven combat veterans with PTSD, seven combat veterans without a lifetime history of PTSD, and eight normal controls. The authors found a significant bilateral 22-26% reduction in hippocampal volume (adjusted for whole brain volume) of PTSD. Smaller hippocampal volumes were positively associated with greater combat exposure, greater PTSD severity, and greater impairment on neuropsychological measures; however, this study had a small sample size (including one PTSD subject with bipolar disorder) and groups were not matched for age. Furthermore, the findings differed in magnitude and laterality from the report by Bremner (Bremner et al 1995) . In a study of 17 adult victims of childhood sexual abuse, Bremner and colleagues (Bremner et al 1997) found a 12% volume reduction in the left hippocampus (not in the right as in the study of Vietnam veterans) when compared with 17 control subjects matched for years of alcohol abuse; however, there was no matching for major depression and similar to their earlier report, only a midsection of the hippocampus was measured. In another study on 21 women with a history of child sexual abuse, Stein and colleagues (Stein et al 1997) reported a significant 5% volume reduction in the left hippocampus when compared with 21 women without abuse history. In addition, hippocampal volume decrease correlated with dissociative symptom severity, but not with indices of explicit memory functioning; however, alcohol abuse, depression, and substance abuse were greater in the PTSD patients than the control group. Recently, Wikins et al (1996) found no difference in hippocampal volumes between 10 PTSD alcohol abusing patients and eight alcohol abusers without PTSD.
Despite the importance of these reports, there were some limitations: first, laterality was inconsistent across the studies, with changes being reported in the right, the left, and/or both hippocampi. Second, most studies included PTSD subjects with current alcohol dependence and/or depression. Alcoholism is common in PTSD (Fontanaet al 1990) and is associated with hippocampal atrophy (Laakso et al 2000) . Depression is also common in PTSD (Fontana et al 1990) , impairs memory performance, and has opposite effects on HPA axis function from PTSD (Axelson et al 1993a) . The relationship between depression and hippocampal size, however, is controversial. While some MRI studies (Nurnberger et al 1994; Sheline et al 1996) reported significantly reduced hippocampal volumes in major depression, other studies found no reduction (Axelson et al 1993b; Vakili et al 2000) , although depression severity and treatment response correlated with hippocampal size (Vakili et al 2000) . In conclusion, there remain questions concerning the role of potential confounding variables in the previously reported MRI data in PTSD. The current finding of no hippocampal volume difference between PTSD and controls strongly suggests that PTSD by itself is not associated with hippocampal atrophy. Given the means and SE of our measurements, we had the power to detect a 9% reduction of hippocampal volumes at .05 alpha, while previous MRI studies of PTSD reported significant hippocampal volume losses between 5% and 26%. This implies that previous reports may have been confounded by alcohol and/or depression. Whether there is an interaction between PTSD and alcoholism, and/or depression to accentuate hippocampal atrophy has not been determined.
Volumes of the ERC were also not significantly different between PTSD and controls. We had hypothesized that PTSD would be associated with reduced ERC volumes, because the ERC is part of the limbic-hippocampal complex with a high density of glucocorticoid receptors (Turner et al 1998) . The results show that, similar to the hippocampus, there is no association between ERC size and PTSD.
Possible mechanisms of hippocampal injury in PTSD
Elevated levels of glucocorticoids, the adrenal steroids that are secreted during stress, are known to affect specifically hippocampal neurons and/or glial cells by inhibiting glucose metabolism (Horner et al 1990) and antioxidant enzyme activity (Sapolsky et al 1988) , besides several other processes. Furthermore, excessive exposure to glucocorticoids seems to affect the ability of hippocampal neurons to survive and in previous PTSD studies the evidence of this phenomenon was decreased hippocampal volume. The finding of decreased NAA and Cr in the absence of decreased volume of the hippocampus of PTSD is still consistent with metabolic impairment and/or loss of neurons. Furthermore, the results of this study add support to the view that the hippocampus may participate in the pathophysiology of PTSD, as a preexposure condition increasing vulnerability to PTSD, as a result of glucocorticoid bursts during acute traumatic stress or as a contributor to symptomatology. Damage to neurons in the hippocampus could begin during the exposure to the traumatic stressor(s), a view that is consistent with the large body of research about the acute effects of stress; however, MRI findings indicate that exposure alone does not impact the hippocampus (Gurvits et al 1996) . On the other hand, if the impact of acute stress on the hippocampus is repeatedly encountered, as a result of the characteristic symptoms of re-experiencing for example, a more parsimonious mechanism emerges that fits the existing data about both acute stress and PTSD. Alternatively, reduced NAA and Cr levels could be related to a premorbid condition of increased vulnerability of hippocampal neurons to insults, possibly predisposing the individual for the development of PTSD. Whether these interpretations are accurate can only be addressed in future prospective studies.
There are several limitations to this study. Firstly, we did not control for lifetime burden of depression that may have contributed to hippocampal atrophy. Secondly, a technical limitation is that the coarse spatial resolution of 1 H MRSI sampled also some tissue outside the hippocampus that may have introduced spurious NAA variations. Furthermore, T1/T2 relaxations of the metabolite resonances were not measured due to prohibitively long acquisition times, prohibiting determination of absolute metabolite concentrations.
In conclusion, this study showed substantial NAA and Cr losses in the absence of volume losses in the hippocampal region of PTSD patients without alcohol abuse during the last five years, a finding that is consistent with the view that the hippocampus participates in the pathophysiology of PTSD. Further research will be necessary to determine the significance of these findings.
